Quantum fluctuations give rise to van der Waals and Casimir forces that dominate the interaction between electrically neutral objects at sub-micron separations. Under the trend of miniaturization, such quantum electrodynamical effects are expected to play an important role in micro-and nano-mechanical devices. Nevertheless, utilization of Casimir forces on the chip level remains a major challenge because all experiments so far require an external object to be manually positioned close to the mechanical element.
Introduction
The Casimir force 1 refers to the interaction between neutral objects that originates from the boundary conditions imposed on the zero point quantum fluctuations of the electromagnetic field. Besides fundamental interest, the Casimir force is also of technical importance in micro-and nano-mechanical systems, because it is believed to play a role in stiction, which stands for the permanent adhesion of movable components to nearby fixed surfaces 2, 3 . Since the first precise measurement of the Casimir force more than a decade ago 4 , significant progress has been made towards the engineering and control of Casimir forces 5, 6 . In particular, optical properties and geometry effects provide powerful tools for tailoring the Casimir force. For example, repulsive Casimir forces in the retarded limit were demonstrated in experiments involving fluids 7, 8 . Metamaterials, with their remarkable optical properties, have been considered as candidates for controlling the Casimir force 9,10 , but initial suggestions that the sign of the force in vacuum could be altered by metamaterials turned out to be unrealistic 11 . With regard to the non-trivial dependence of the Casimir force on the shape of the bodies [12] [13] [14] [15] , experiments involving nanostructured surfaces have demonstrated the non-pairwise additive nature of the Casimir force 16, 17 . Recent experiments have also measured the corrections to the Casimir force that arise from the presence of thermal fluctuations, in addition to quantum fluctuations 18 .
The possibility for the Casimir force to play a role in micromechanical systems has been a major driver behind experimental research. However, demonstration of
Casimir forces between micromachined surfaces in a single micromechanical chip has remained elusive, because standard experimental schemes require an external object to be manually positioned close to either cantilevers or torsional balances 4, 8, [19] [20] [21] [22] . Bulky micropositioners and piezoelectric actuators are required to control the separation between the two interacting bodies. Such arrangements have hindered progress in the onchip exploitation of the Casimir force. Conventional experimental setups also face a number of other challenges. For instance, maintaining the parallelism of two flat surfaces at small distances has proven to be difficult. As a result, in most experiments one of the two objects is chosen to be spherical. So far, there has only been one experiment that measured the Casimir force between two parallel plates 19 . The alignment becomes even more challenging for nanostructured surfaces. In fact, when corrugations are present on both surfaces, it is necessary to use an in-situ imprint technique such that the patterns are automatically aligned after fabrication 17 . Another major difficulty in measuring the Casimir force at room temperature is the long-term drift in the distance between the surfaces: since the distance from the two interacting elements to their common point of support typically measures at least a few centimeters, temperature fluctuations lead to uncontrollable distance variations, limiting the duration of measurement and hence the force resolution.
We demonstrate that the Casimir force can be the dominant interaction between single-crystalline silicon components on a semiconductor chip, in the absence of external objects. Both the force sensing element and the actuator that controls the distance are integrated on the same substrate. They are created by dry etching that produces sidewalls that are largely vertical. No external alignment of the interacting bodies is necessary because they are defined in a single lithographic step. The use of electron beam lithography ensures a high degree of parallelism between the interacting bodies in a nearplanar geometry. Another advantage is that the distance of the interacting elements to their common support is reduced to ~ 70 µm, about a factor of 1000 smaller than conventional experiments. The improved mechanical stability minimizes long-term drifts in the gap between the interacting objects (<10 -5 nm s -1 ). Furthermore, this scheme also allows tailoring of the Casimir force in the future using lithographically defined components of non-conventional shapes.
Results

Device and Measurement scheme
Figures 1a and 1b show a simplified schematic of the structure and a scanning electron micrograph of sample A, respectively. The element for sensing the force is a doubly-clamped silicon beam that is 100 µm long and ~ 1. Figure 1d shows a close-up of part of the comb actuator. The comb actuator consists of a set of movable comb fingers supported by four serpentine springs ( Fig. 1e ), one at each corner of the structure (Fig. 1a) . A second set of comb fingers (the solid structures in Fig. 1d with no etch holes) is fixed to the substrate on one end. When a voltage V comb is applied to the fixed comb relative to the movable comb (in the experiment, a negative V comb is used), an electrostatic force parallel to the substrate is generated. The movable combs are displaced towards the beam until the restoring force from the four springs balances the electrostatic force. As a result, the separation d is reduced as |V comb | increases (see Supplementary Methods and Supplementary Movies). It should be noted that the electrostatic force between the fixed and movable combs merely serves to set d. As explained below, the potential difference between the beam and the movable electrode V e can be controlled separately, independent of V comb .
The suspended beam acts as a resonant force sensor. As shown in Fig. 1a , a small ac voltage (V ac = 5.7 µV) is applied to one end of the beam, producing an ac current. In the presence of a 5 T magnetic field perpendicular to the substrate, the beam is subjected to a periodic Lorentz force. 
where K is a positive proportionality constant and F'(d) < 0.
Calibration
Similar to conventional experiments on Casimir forces, we also need to perform a calibration procedure by applying a voltage V e between the beam and the movable electrode to generate an electrostatic force F e between them. F e is proportional to (V e -V 0 ) 2 , where V 0 is the residual voltage. Figure 2b shows parabolic fits to  R versus V e .
Each parabola corresponds to  R recorded at a fixed d that is set by V comb . There are two contributions to  R : the electrostatic part that depends quadratically on V e -V 0 and a vertical offset that is independent of V e -V 0 . The latter becomes more negative as d decreases. As described later, we will compare this vertical offset to the Casimir force gradient and remnant force gradients due to patch potentials. The electrostatic part will be used for force calibration.
The residual voltage V 0 is measured by identifying V e at which the maximum of the parabolic dependence of  R occurs. Figure 2c shows that V 0 is measured to be about In conventional Casimir force experiments, the extension of the piezoelectric element is either pre-calibrated or directly measured. At the same time, the initial distance between the two interacting surfaces is an unknown that needs to be determined by the application of electrostatic forces. In our experiment, distance calibration is performed using a slightly different procedure. Here, d is given by: However, due to the high carrier concentration (7 × 10 18 cm -3 ), this change is small (< 1 nm) and negligible compared to the uncertainty in d.
Casimir Force Measurement and Calculations
Next Despite the imperfect agreement between measurement and theory, it is clear that the Fig. 3a) . By setting V 1 = -V 0 = 11.3 mV at the largest d, we obtain a fitted value of V rms = 16.8 mV.
Discussion
The Casimir force gradient between a beam and an electrode with near-square cross sections has not been measured experimentally before. This configuration opens the possibility of testing a number of fundamental concepts. One important question is the validity of the proximity force approximation (PFA) 27 . The inset of Fig. 3a compares the Casimir force gradient generated by the PFA to calculations of the exact geometry of the silicon structures. The ratio decreases with distance, reaching 56% at 6 µm. Secondly, this geometry could offer a direct demonstration of the non-pairwise nature of the Casimir force. The inset of Fig. 3a Both the device layer and the handle wafer are p-doped with boron. The resistivity and carrier concentration of the device layer are measured to be 0.011 Ω cm and 7.0 × 10 18 cm -3 respectively at 4 K by the van der Pauw method. For the handle wafer, the resistivity is measured to be 21.5 Ω cm at room temperature. We find that it becomes effectively insulating at 4 K.
To avoid charges being trapped on the surfaces of the beam and the movable electrode, HF is used to remove the native oxide on silicon right before force measurement. HF also passivates the surfaces to temporarily prevent the re-formation of oxide at ambient pressure 16 . The chip is then immediately loaded into a sealed probe that is evacuated and then lowered into a cryostat.
Measurement of the force gradient on the beam. The shift  R is measured by maintaining the ac voltage at a fixed frequency and recording the change in the X quadrature. Provided that  R remains close to the frequency of the ac voltage, small changes in the X quadrature is proportional to  R , which is in turn proportional to F'(d).
 R can be inferred using the change in the X quadrature and the slope of the X quadrature response (the blue curve in Fig. 2a) . At the largest measured  R , we estimate the deviation from a linear relationship between the X quadrature and  R to be less than 2.5%, which is smaller than our measurement uncertainty. We estimate that the upper bound for the angle between the lithographic patterns of the beam and the electrode is 150 µrad (corresponding to a gap changing 15 nm over 100 µm). Using the above parameters, the force increases by less than 1.1% at the smallest separation.
For a structure with dimensions exactly equal to the nominal values in the electron beam lithographic pattern, the angle between the beam and the movable electrode remains unchanged as d decreases. In the actual device, however, nonuniformities in exposure and etching might produce small asymmetries in the structure.
To estimate such effects, we consider the case in which the two springs on the left side is wider than the ones on the right side by 50 nm. This value is a conservative estimate because it significantly exceeds the resolution of the electron beam writer. Numerical calculations show that at the largest |Vcomb|, the movable electrode is closer to the beam by less than 4 nm on the right side than the left side. This value is smaller than the roughness of the sidewalls of the beam and the movable electrode and leads to a negligible tilting angle ~ 40 μrad. Our calculation indicates that it increases the Casimir force by less than 0.1% at the closest distance.
The cross sectional profiles of the beam and the electrode were also analyzed, by cleaving a second sample that is fabricated together with the sample in which the Casimir force was measured (Supplementary Figure S3) . The slightly convex slope near the top of the cross section arises due to the periphery of the aluminum etch mask being consumed in the dry etching process. For the rest of the sidewall, the DRIE etching recipe produces a concave profile at an angle of ~ 88 o to the top surface. This geometry was used in the BEM numerical calculation and the PFA. More details are discussed in Supplementary Methods.
Calculations of the Casimir force.
The theoretical calculation (red line in Fig. 3a) neglects the finite length of the beams. The geometry reduces to a 2D problem in the cross sections (integrated over the longitudinal wavevector), and each object's surface is discretized into set of line segments described by "rooftop" basis functions 25 . We found that a discretization of approximately 3200 total points for all surfaces and a substrate truncated to 1 µm was sufficient to obtain convergence to 1% accuracy.
In the calculations, the dielectric function of silicon (i) is obtained using the Kramers-Kronig relations with the tabulated optical constants for frequency > 5000 rad s -1 . For < 5000 rad s -1 , (i) is given by:
where  0 = 6.6×10
15 rad s -1 ,  p = 2.5562×10
14 rad s -1 and  = 6.364×10 13 rad s -1 .
In estimating the roughness correction, the force between two flat plates with stochastic roughness is first calculated using Eq. 16 in ref.
26 as a function of distance.
Then the PFA is used to generate the force for our geometry. 
Supplementary Information for
Supplementary Methods
Sample Design and Fabrication
Supplementary Figure S1 shows the process for fabricating the device. Electron beam lithography with proximity correction is used to produce the resist pattern on the SOI wafer. An aluminum film of thickness ~ 90 nm is evaporated onto the sample followed by lift-off. The smallest achievable characteristic dimension is ~ 20 nm. Using the aluminum as an etch mask, the unprotected silicon is then removed by deep reactive ion etching (DRIE). A continuous etch and passivate recipe is chosen to produce sidewalls with no undulations. Afterwards, an oxygen plasma etch removes the residual hydrocarbon generated during DRIE. The chip is then placed in hydrofluoric acid to etch the buried oxide to release the structures that are designed to be movable. The duration of this isotropic wet etch is chosen so that in addition to removing the oxide in regions that are exposed by DRIE, it also undercuts the silicon in the device layer by about 2.7 µm.
As a result, silicon structures in the device layer with width less than 5 µm, including the beam, the movable electrode, the springs and the movable combs, are suspended. For the fixed combs, the fingers are suspended but they are connected to a platform anchored to the substrate through the oxide that remains. The fixed combs therefore remain stationary when V comb is applied. Finally, using a shadow mask, we evaporate 5 nm-thick chromium as the adhesion layer and 150 nm-thick gold onto the bonding pads for electric contacts.
The movable combs and the electrode are connected together, supported by four serpentine springs with their other ends anchored to the substrate (Figs. 1a, 1b and 1e ). 
Comb drive actuator
To control d, a comb drive actuator is used to produce a displacement of the movable electrode in the y direction that is proportional to V comb 2 . Supplementary movies S1 and S2 show the motion of sample C with the comb drives designed to be almost identical to sample A in which the Casimir force was measured. The main difference from sample A is that the width of the movable electrode is reduced to 1 µm. As V comb is increased from 0 V to 9 V, the overlap of the movable and fixed comb fingers increases (Supplementary movie S1), leading to a decrease in the separation between the beam and the movable electrode (Supplementary movie S2). Through numerical simulations (using a commercial software COMSOL), we verify that the linear dependence of the displacement on V comb 2 is better than 1% over the range in our experiment. The slight deviation from linearity changes the value of d by a negligible amount compared to the error bar.
In the absence of the substrate, the electrostatic force generated by the comb drive is entirely in the y direction. With the substrate located 2.0 µm below the comb drive, the electric fields are no longer symmetric on the top and bottom of the comb. It is wellknown that when a comb drive is positioned above a conducting substrate, the electrostatic force contains a component normal to the substrate in addition to the lateral component 34 . In our structure, motion of the comb drive perpendicular to the substrate is minimized by two factors. First, the thickness of the springs is designed to be larger than their width by a factor of 3.4, resulting in  k exceeding // k by a factor of ~ 11. Second, the doping in the handle wafer is much lower than the device layer. While the device layer remains conducting at 4 K, the handle wafer is effectively insulating. We calculated that the z displacement of the movable electrode is ~ 12 nm at the largest applied V comb .
Given that the thickness of the structures is 2.65 µm, the Casimir or electrostatic force is expected to be modified by 0.5% compared to the case when the z displacement is zero.
This value is negligible compared to the experimental uncertainty.
In the measurement of the Casimir force between the beam and the movable electrode, electrostatic forces must be minimized. Since the movable electrode and the movable combs are electrically connected, it is sufficient to perform the conventional procedure of applying a voltage V e to balance the residual potential V 0 between these two structures and the beam. The fixed combs, on the other hand, are maintained at V comb up to ~ 12.6 V relative to the movable combs. To prevent the electric fields from the fixed combs from affecting the beam, additional silicon structures are placed between the movable electrode and the movable combs to screen the beam from these fields.
Furthermore, we designed and fabricated another device (sample D) to verify that V comb does not lead to any measurable force gradient on the beam. As shown in Supplementary 
